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The effect of isoproturon [N,N-dimethyl N'4-(l-methyl-ethyl) phenyl urea] on the
germination, growth of root and ultrastructure of the photosynthetic apparatus was
investigated in two wheat cultivars (Triticum sativum L. cvs Gastan and Esquilache)
and a weed (Lolium rigidum Gaud.). No inhibition of germination was apparent in
any of the three plants studied. The inhibition of root growth was considerably signifi-
cant, especially in cv. Esquilache. After 48 h treatment with isoproturon (340 uJW),
the chloroplasts of the two wheat cultivars were found to be similar, showing a higher
number of grana with fewer thylakoids per granum (lower stacking degree), broader
grana stacks than in the control and an absence of starch. However, after 60 h of
treatment, swelling of the thylakoids occurred in the Esquilache cultivar.
The rye grass was the most affected by the herbicide; at low concentration (3.4 uAf)
the number and size of the grana decreased considerably and the stroma thylakoids
were destroyed. At higher concentration (17 \iM), there was a strong accumulation in
certain áreas of the stroma of a substance with a lipid-like appearance, probably de-
rived from the disintegrating thylakoids. At the same concentrations some chloro-
plast envelopes were completely desintegrated.
The Hill reaction of the three plants exhibited a similar sensitivity towards the her-
bicide.
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Introduction
Most urea herbicides can greatly alter the photosyn-
thetic machinery, both at a structural and functional
level, since they interfere with chloroplast development
and with photosynthetic activity. In the case of phe-
nylureas the impairment of the photosynthetic activity is
usually due to an inhibition of the electrón transport
(Moreland 1980, van Rensen 1982). The aim of the
present work was to compare some of the effects that
isoproturon (a phenylurea derívate) exerts on two
wheat cultivars and on a rye grass, especially at the
| structural level.
We were particularly interested in the effect of iso-
I proturon, since it is used in several parts of Spain to ar-
rest the growth of certain rye grasses (González Ponce
and Rodríguez Señas 1983). In spite of its relatively
wide use, however, no data are available on the structu-
ral damage that isoproturon may cause to wheat and
weeds. We have compared the effect of isoproturon on
germination, root growth and on the photosynthetic sys-
tem of the two wheat cultivars, Gastan and Esquilache,
and of the rye grass Lolium rigidum Gaud., one of the
most abundant weeds in our wheat fields. Special atten-
tion has been paid to the possible induction of a shade-
type adaptation response in chloroplasts, as has been
shown in the case of monuron (Klein and Newman
1966), fluometuron (Wergin and Potter 1975), metha-
benthiazuron (Fedtke et al. 1977) and bentazon (Meier
and Lichtenthaler 1981).
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Materials and methods
To study the effect of isoproturon on germination, seeds
of Tríticum sativum L. cvs Gastan and Esquilache and
Lolium rigidum Gaud. were left in covered Petri dishes
on filter paper with either water or solutions of the her-
bicide (1-340 y,M) and allowed to germinate at 28°C
with a relative humidity of 70%.
For root growth and electrón microscopy experi-
ments, unsterilized seeds were placed on plástic meshes
to germinate over containers filled with distilled water.
Five-day-old seedlings (five day-etiolated) were grown
in a slightly modified half-strength Hoagland nutrient
solution (Pozuelo and Ulrich 1967) in a climate chamber
(25°C, 70 % relative humidity) with continuous light
(Philips TLP 65 W/331,190 ^mol irr2 s"1). The herbicide,
at the same concentrations as used for germination, was
added to the nutrient solution at the beginning of the il-
lumination period. Root growth was studied by meas-
uring the length of the roots and also the weight after 48
h.
Cotyledon samples were taken after 48 and 60 h il-
lumination. Small segments were fixed in 3% (v/v) glu-
taraldehyde in 0.05 M Na-cacodylate (pH 7.4) for 3 h at
4°C, and post-fixed in a buffered 2% OsO4 for 2 h. After
dehydration, embedding was performed in Araldite
(Durcupan ACM) following conventional methods. Ul-
trathin leaf sections were cut with a diamond knife (Du-
pont 32525) fitted to a Reichert ultramicrotome, post-
stained with lead citrate (Reynolds 1963) and later ex-
amined with a Philips 300 at 80 kV.
An Image Analyser (Kontron MOP Videoplan) was
used for taking the measurements from the electrón mi-
crographs of the plants studied.
The "form perimeter" and the "form área" were de-
termined according to: Form perimeter = 4it • area/pe-
rimeter2; form área = 4 • area/(jt- a • b), where a is the
minimum and b the máximum diameter.
Subchloroplast particles were obtainéd from chloro-
plasts through disruption by osmotic shock. Chloro-
plasts were prepared according to Whatley and Arnon
(1963). Chlorophyll was estimated by the method of Ar-
non (1949).
Tab. 1. Effect of isoproturon on the development of young
roots of T. sativum cvs Esquilache and Gastan, and L. rigidum
Gaud. Each valué is the mean ± SD of 12 plants.
*, **, differs from the control at the 5 and 1% level, respec-
tively. RL, root length in mm; RW, root weight in mg.
Parameter
Isoproturon concentrations (\iM)
O34
Esquilache RL
RW
Gastan RL
RW
L. rigidum RL
RW
433 ±190
40 ± 23
544 ±212
94 ± 47
145 ± 54
1.0± 0.9
210 ±60* 9 + 3**
266 ±52*
28 ± 9*
86 ±20*
0.3+ 0.2
cw
Fig. 1. Electron micrographs of chloroplasts from 5-day-olíl
wheat cotyiedon cv. Gastan greened for 48 h. A, control plan»
B, treatment with 340 \iM isoproturon; C, crystalline inchisj
ions; CW, cell wall; G, granum; S, starch.
Photoreduction of ferricyanide was carried out for»
min in open test tubes immersed in a water bath ther-l
mostated at 25°C. The fluence rate used was 140 iimol
nr2 s~'. The reaction was interrupted by the additionofl
trichloroacetic acid. After centrifugation of the reaction I
mixtures, the ferricy anide present was determinad spec-
trophotometrically by the absorbance at 420 nm.
Results and discussion
Isoproturon in the 34-340 \iM range hardly affected ger-
mination, either in wheat plants or weed. but signifi-
cantly diminished root growth in the three plants used, j
especially in the wheat cv. Esquilache (Tab. 1).
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Fig. 2. Electron micrographs showing chloroplasts from 5-day-old wheat cotyledon cv. Esquilache greened for 48 h. A, control
mesophyll; B, treatment with 340 \iM isoproturon; C, crystalline inclusions; CW, cell wall; M, mitochondria; PG, plastoglobuli.
Ultrastructure
Cells examined were always taken from the tissue of the
central part of the mesophyll, thus avoiding variations
in results with regard to different parts of the cotyledon.
No differences in the shapes of the plastids could be de-
tected for the various plants and treatments. Changes in
the chloroplast ultrastructure caused by the herbicide in
the cotyledon mesophyll cells were observed in all three
plants studied (Tab. 2). With isoproturon in the range
34-340 \iM the chloroplasts of the two wheat cultivars
contained a higher number of grana with fewer thy-
lakoids per granum, but the granum stacks were
broader than in the control (Figs 1 and 2). Hardly any
starch was present in the isoproturon-treated wheat
plants. Crystalline inclusions like those reported by
Golvano et al. (1982) appeared in the stroma near the
thylakoids in the two wheat cultivars. The changes in
the chloroplast ultrastructure were visible in both culti-
vars as early as 48 h after the simultaneous application
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Fig. 3. Electron micrographs of chloroplasts from 5-day-old L. rigidum cotyledon greened for 48 h. A, control mesophyll; B,
treatment with 3.4 \iM isoproturon; C and D, treatment with 17 \iM isoproturon; L, lipids; M, mitochondria; P, peroxisomes.
of herbicide and exposure to light, but no further modi-
fications of the ultrastructure were observed during the
rest of the experiments in cv. Gastan. However, further
changes were observed in cv. Esquilache after 60 h.
These ultrastructural changes (such as swelling of thy-
lakoids) observed at later periods in this cultivar be-
came gradually more pronounced, although no disin-
tegration in the internal membrane system was ob-
served, ñor rupture of the chloroplast envelope. At 3.4
\iM no effect on the cellular ultrastructure of either
wheat cv. was found.
With regard to growth and mesophyll ultrastructure,
cv. Gastan was found to be less affected by the herbi-
cide. The main changes observed in the ultrastructure
were alterations in the development of the internal
chloroplast membranes: an increase in the numberofj
grana, a decrease in number of thylakoids per granum ¡
and a reduction in the number of stroma lamellae. i
When applying other herbicides, certain authors have j
obtained similar results with regard to the internal struc-
ture of chloroplasts. Wergin and Potter (1975) found
more elongated grana, with fewer compartmentsuncon-
nected to stroma lamellae on application of fluometu-
ron in velvetleaf (Abutilum theophrasti L.) seedlings.
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\Tab. 2. Effect of isoproturon concentrations ((¿M) on the plastid structure of young leaves of T. sativum cvs Esquilache and Gastan
and L. rigidum Gaud. after 40 h of continuous illumination. Each valué is the mean ± SD of 30 plastids of at least five different
block samples.
*, **, ***, Differ from the control at 5, 1 and 0.1% level according to Student's í-test.
ParametersT. sativum cv. EsquilacheT. sativum cv. GastanL. rigidum
34 \0 U.MO \i.M34340O \íM3.4 uJW
Chloroplast área
((im2) 4.2 ±2.2
Chloroplast
perimeter (\im) 8.2 ±1.2
Máximum
diameter (um) 3.0 ±0.4
Grana per
plastid 14.0 +5.3
Granum, área
(|im2) 0.04±0.01
Granum width
(um) 0.3 ±0.1
Thylakoids per
granum 7.5 ±3.1
Stacking
degree (%) 32 ±9
Starch grains
per (im2 plastid
cross section 0.5 ±0.6
4.2
8.7
3.3
24.0
±1.3
±1.2
+0.5
+4.9***
0.03±0.01
0.3
6.8
42
0.0
+0.1
+3.1*
+7*
±0.0
6.3 ±1.3*
10.7 ±1.7*
4.0 ±0.9
24.0 +6.9***
0.04+0.01
0.4 ±0.1**
4.7 ±2.0**
41 ±6*
0.0 ±0.0
6.0 ±0.5
10.2 ±0.2
3.6 ±0.4
18.0 +4.0
0.05±0.01
0.3 ±0.1
8.0 ±4.0
46 +2
2.1 ±1.2
5.0
10.2
4.1
29.0
+0.9
+ 1.1
±0.4
±5.0**
0.05±0.01
0.4
6.9
51
0.0
+0.1*
+3.0*
±6
±0.0
8.0
12.0
4.4
34.0
±1.3**
±1.2
±1.3*
±4.0***
0.04±0.01
0.4
4.9
44
0.0
±0.1*
+2.0**
±1
±0.0
6.0 ±1.6
10.4 +1.8
3.9 ±0.9
43.2 +7.9
0.03±0.03
0.2 ±0.1
4.5 ±1.9
35 ±5
0.7 ±0.4
7.0
10.4
3.7
16.1
±4.1
±1.6
±0.8
±3.6***
0.02+0.01
0.3
4.1
23
0.0
±0.1
±1.0**
+5***
+0.0
M
With bentazon, Meier and Lichtenthaler (1981) found
broader and higher grana stacks, a higher degree of
stacking and a reduction of starch. With regard to shade
adaptation, our results were similar in part to those of
Meier and Lichtenthaler with bentazon. In our experi-
ments, the grana in the mesophyll of both cultivars con-
tained fewer thylakoids as is the case with fluometuron.
Starch was not found in the chloroplasts of any of the
plants, which indicated either an altered photosynthesis
or the utilization of carbohydrates. Absence of starch
has been reported by Ashton et al. (1963) and Hill et al.
(1968) in plants treated with atrazine. Gerónimo and
Herr (1970) reported the disappearance of starch from
tobáceo chloroplasts after pyroclor treatment, Ander-
son and Schaelling (1970) after treatment of bean plants
Tab. 3. Effect of isoproturon on ferricyanide photoreduction
by different preparations of subchloroplast particles. The re-
action mixture contained 33 mM Tricine-KOH pH 8.5, 1.7 mM
potassium ferricyanide, 180 (wheat) or 160 (weed) ^g chloro-
phyll as Chloroplast suspensions, and isoproturon at the con-
centrations indicated, in a final volume of 3 mi. Numbers in pa-
rentheses are ferricyanide inhibition percentages.
Isoproturon
M.M
0
1.2
4.8
Ferricyanide photoreduced [|xmol O2 (mg chlorophylO-'h-1]
Gastan Esquilache L. rigidum
11 81 225
38 (51) 41 (49) 105 (54)
41 (46) 36 (56) 95 (58)
with pyrazon, and Meier and Lichtenthaler (1981) with
bentazon.
In Lolium rigidum, isoproturon at 3.4 [iM affects the
ultrastructure of mesophyll cells after 48 h treatment.
The internal lamellar sytem formed was reduced and no
starch was present (Tab. 2, Fig. 3A,B). With 17 \iM a
certain number of plastoglobuli, and a substance fully
stained by OsO4 was noted in several áreas of chloro-
plast stroma. As can be seen in Fig. 3C, this substance
has a lipid appearance and may be caused by a destruc-
tion of the lamellar system of the chloroplasts. The lipid
increase resembled that found by Harris and Dodge
(1972) in the flax cotyledon leaf Chloroplast upon simul-
taneous application of paraquat and exposure to light.
Extremely electrón dense microbodies cióse to the
chloroplasts and the mitochondria were also visible, but
the mitochondria and nuclei appeared to be unaffected.
Preliminary data indícate that such microbodies are per-
oxisomes (Fig. 3D), since they exhibit a positive per-
oxidase and catalase reaction when assayed with di-
aminebenzidine (M. R. de Felipe, J. M. Pozuelo and M.
M. Lucas, unpublished results). An increase in peroxid-
ase and catalase activities in tissues affected by herbi-
cides has been reported by other authors (Tolbert et al.
1968, Gregory 1968, Yamazaki and Tolbert 1970).
Following the severe herbicide-induced alterations,
the tonoplast was broken and, as a consequence, the
loss of cellular compartments and integrity took place.
The rupture of cellular organdíes could be partly due to
the effect of the vacuolar components, such as hydro-
lytic enzymes (Matile 1966, Villiers 1971). In many re-
spects the herbicide-induced changes in some rye grass
Physiol. Plant. 66, 1986567
chloroplasts were similar to those which occur during
natural senescence (Butler and Simón 1971).
Photosynthetic activity
As mentioned abo ve, isoproturon prevented the accu-
mulation of starch in cotyledons (Figs 1 and 2), which
indicated that this herbicide strongly inhibits the pho-
tosynthetic activity of the plant. However, such inhibi-
tion might be only a secondary effect - the result of a
profound ultrastructural alteration. In order to see
whether isoproturon could directly influence photosyn-
thetic ability, its effect on the Hill reaction was assayed
in subchloroplast partícles of the wheat and weed plants
(Tab. 3). Using potassium ferricyanide as Hill oxidant,
the results obtained suggested that isoproturon can di-
minish this photosynthetic activity in the three plants,
and that all three exhibit a similar sensitivity to the her-
bicide.
If the partial photosynthetic reaction studied here is
representative of the whole photosynthetic activity, one
might think that isoproturon exerts a differential effect
when supplied to the entire plant (in vivo) or to chloro-
plasts (in vi tro). The different effect could be due to a
diverse destination of the herbicide in vivo depending
on the plant type. In fact, the plant type might condition
several physiological processes, such as the absorption,
translocation and/or the chemical modification of the
herbicide.
Finally, our results point once more to the danger of
the indiscriminate use of herbicides in the field. Their
effects on any particular crop, therefore, should first be
taken into account.
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